Introduction
In complex physiological systems linear and nonlinear time series analysis approaches are of increasing interest. In addition there is more and more evidence about the importance of investigating the dynamics of the couplings. Linear methods favour the frequency domain representation of biological signals (characterization of connectivity between specific oscillatory components) while nonlinear methods study complex signal interactions. Partial directed coherence (PDC) method [1] is among the most applied linear approaches in the frequency domain. PDC is used to acquire and evaluate couplings, due to its capability to detect direct and indirect causal information transfers between signals in multivariate dynamic systems. Taking into consideration that PDC method presupposes the stationarity of signals in the time interval nonstationary signal analysis applications cannot be performed. Further on, we cannot achieve information about the systems' coupling dynamics. A number of solutions have been suggested for the problem of time-varying directional interactions analysis. Milde et al. [2] introduced a time-variant version of PDC that avoids misinterpretations in heart rate variability analyses and quantifies the partial correlative interaction properties between respiratory movements and respiratory sinus arrhythmia. The objective of this study was to introduce a new time frequency approach, the Normalized Short Time PDC (NSTPDC), in order to assess significant coupling dynamics information. First we carried out different tests with simulated signals from an ideal system of coupled oscillators. Then, as a first and preliminary medical approach we investigated the coupling dynamics between pulse intervals (PI) and systolic blood pressure time series in pregnant women with different hypertensive disorders.
Methods
The PDC based on an m-dimensional multichannel autoregressive model (MAR) is capable to detect couplings in multivariate dynamic systems. Based on the Fourier transformation of the coefficient matrix A(f), the PDC is calculated from the two processes X j and X i [3] . The absolute value of the tvPDC was defined by Baccala et al. [1] (Eq. 1).
where A j (n,f) is the j th column of the matrix A(n,f) with n as window number and f as frequency. The normalization parameters achieved after applying the PDC normalization are shown in Eq. 2.
. Values between 0 and 1 provide information about the presence and strength of causal coupling between the two time series X i and X j as a function of frequency f [1, 4] . We implemented the new method NSTPDC in order to assess the coupling direction and strength between the two processes. A coupling factor CF is calculated as the mean value of X j coupled with X i divided by the mean value of X i coupled with X j . We normalized our results to a specific set of values leading to the normalized factor NF={-2,-1,0,1,2} (Eq. 3). The values {-2} and {2} represent a strong unidirectional coupling (increased absolute values means increased coupling strength) while {-1} and {1} denotes a bidirectional coupling and the master signal. Finally a value {0} means that there is either an equal influence for both directions or no coupling at all. The NSTPDC was achieved by means of a short time implementation with a Hamming window of 300 samples length and 50 samples overlap. For simulations of time series we used the Wolfram Demonstrations Project, "Coupled Oscillators" [5] . We considered two simulated signals (Fig. 1a) from an idealized system with two oscillators coupled together by a third one. After applying the NSTPDC method we observed that the first signal is the driving one (Fig. 1b) . In the second simulation (Fig. 1c) , we used the same signals, but the coupling was changed after 800 samples. After this change the second signal became the master signal and the first signal the slave signal (Fig. 1d) . Next we generated couplings between the same signals but with different levels of superimposed noise (1%-10% of the signal's amplitude). If the noise amplitude was greater than 10% the couplings were no longer visible. After these simulations we proved if NSTPDC would be able to find changes of couplings within cardiovascular systems. Here, we investigated the dynamic coupling between time series of beat-to-beat intervals (BBI) and systolic blood pressure (SBP) from 10 pregnant women with hypertensive disorders (5 with chronic hypertension -CH, mean age 31.2 years and 5 with preeclampsia -PE, mean age 26.8 years). The investigation conforms to the principles outlined in the Declaration of Helsinki. Local ethics committee approval and the informed consent of all subjects were provided. We calculated the mean value and dynamics standard deviation (DSD) of the NF from NSTPDC. For discrimination between the two groups we used the Mann-Whitney-U-test with p<0.05 as significance level.
Results
The simulation study showed that changes in coupling could be clearly detected by NSTPDC. However, if the noise level exceeds 10% of the input signals a coupling cannot be observed. In the preliminary medical application more dynamic changes of coupling BBI -> SBP were observed in CH (higher DSD, p<0.039) than in PE while the SBP->BBI coupling was not significant but a trend towards a higher dynamics in PE is noticeable.
Discussion
The NSTPDC method is an improvement of the standard PDC. It enables us to investigate signals with nonstationary properties and allows the detailed investigation of coupling changes. In a simulation study that was only briefly described the change of coupling could be clearly demonstrated. However, the precision is a compromise of window length and coupling strength. This is part of an ongoing study. In the preliminary medical study we could show for the first time that the dynamics of coupling changes BBI -> SBP is much higher in CH than in PE. That means that in PE there is a much more constant drive from BBI to SBP. We speculate that this could be caused by a higher mental stress. However, this has to be validated by enrolling a much higher number of patients. In conclusion, the new proposed method NSTPDC is able to estimate couplings and their directions in nonstationary time series, it performs dynamic coupling analysis and might be useful in characterizing cardiovascular couplings.
